Introduction
Microfabricated devices for biological and chemical analysis possess potential as useful experimental tools for clinical diagnostics, microbial detection and other bioanalyses. DNA assay microdevices have enabled the miniaturization of sample extraction, purification, target amplification and electrophoretic sorting. Among the DNA assay chips, a number of miniaturized instruments have been developed for polymerase chain reactions (PCR) because the PCR amplification is widely used as a molecular biological tool to replicate millions of copies of target DNA fragments by cycling through two or three temperature steps (denaturation, annealing and extension). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The miniaturization of PCR devices can take advantage of reduced consumption of biological sample necessary for PCR and of increased portability. In addition, the decreased cost of fabrication with a choice of polymer materials as a substrate for PCR reaction vessel allows one-time use of the chips, leading to elimination of false positive data resulting from carryover crosscontamination.
PCR is a typical temperature-controlled reaction system; hence, temperature management of the PCR cocktail is a key issue. The formats of miniaturized PCR chips include batch or continuous-flow architecture. In the batch format, a sample is injected into a confined space in the chip and then repeatedly heated and cooled according to the reaction procedure. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In the continuous-flow format, DNA amplification can be achieved by shuttling a PCR cocktail in a microchannel repetitively through different isothermal zones. [14] [15] [16] [17] [18] [19] The batch format chip is more suitable for miniaturization and high throughput operation; however, special care must be taken in the thermal management of a stationary PCR mixture to acquire quick transitions having low overshoots, together with good rejection of the disturbance.
Within current PCR microdevices, the most commonly used temperature control algorithm, especially for the thermal management with the batch format, is accomplished through a proportional-integral-derivative (PID) module with a certain software program. 10, 15, 17, [20] [21] [22] [23] [24] [25] [26] [27] A personal computer running LabVIEW and GPIB controlled instrumentation has been developed by some research groups to build a home-made PID-controlled temperature cycling system. 10, [20] [21] [22] The graphical programming language used in LabVIEW is intended for automating and measuring equipment in a laboratory setup and allows even a non-programmer to build programs by simply connecting virtual representations of lab equipment on a screen.
Programmable logic control or programmable logic controllers (PLC) that originated from the invention of computerized versions of relay control systems are widely used to control manufacturing and chemical processes. [28] [29] [30] The programming can be conducted using a technique called ladder logic, which allows sequences of logical actions to be laid out, inter-linked and timed. PLC can take advantage of low cost, compact size and high flexibility to easily run many machines by one single controller. In addition to those advantages, a visual operation can be seen on a screen as with the LabVIEW environment when running a PLC program; thus, troubleshooting a circuit can be done easily and quickly.
This paper describes the instrumental development of a
We have developed a temperature cycler for polymerase chain reaction (PCR) in a microwell fabricated on a polymer/glass chip. The entire system consisted of three subsystems, which included (1) a thermal conditioner, (2) a proportional-integral-derivative (PID) control signal conditioner and (3) a data acquisition subsystem. The subsystems were regulated coordinately by a ladder logic program written for the programmable logic control (PLC) so that an actual sample temperature could be timed, changed and maintained according to the programmed temperature cycles. The present temperature control system showed high accuracy, stability and minimum overshoot with reduced heating and cooling transition rates. Applicability of the temperature controller to the miniaturized PCR system with reduced volumes of aqueous sample droplets isolated in an oil phase was confirmed by successful amplifications of a target DNA sequence in the microwell. PLC-regulated temperature cycler, which includes a PID control unit, for miniaturization of PCR system with a batch format. To the best of our knowledge, this is the first report wherein a PLC program was used to conduct a thermal cycling for a miniature PCR device. The performance of the developed thermal control system was demonstrated by performing TaqMan PCR 31, 32 in water-in-oil droplets in a microwell fabricated on a glass/polydimethylsiloxane (PDMS) hybrid assembly.
Experimental

PCR microwell fabrication
The PCR reactor chip used in this work consists of a layer of PDMS, stuck onto a 24 × 24 × 0.4 mm glass substrate. Sylgard 184 (Dow Corning Toray, Tokyo, Japan) was thoroughly mixed with the curing agent in a mass ratio of 10:1. After air bubbles were removed by vacuum for 30 min, a constant amount of the mixture was poured into a rectangular mold in order to prepare the PDMS sheet of constant thickness (2 mm). After curing for approximately 40 min at 125 C, the PDMS sheet was removed from the mold and cut down to the same size as the glass substrate. A hole of 2.4 mm diameter was punched in the center of the PDMS sheet with a metal puncher to form a reaction microwell. The resulting PDMS sheet was placed onto the glass substrate and used without bonding the two together.
Temperature control system Figure 1 shows a schematic hardware structure of the closed-loop thermal cycling system developed in the present work. The entire system consists of three subsystems, which include (1) a thermal conditioner, (2) a PID-controlled signal conditioner and (3) a data acquisition subsystem. The thermal conditioner subsystem comprises a temperature sensor (type-K thermocouple), two solid-state relays (SSRs), a thin film resistive heater, a DC blower fan and a power supply for the heater and the fan, while the signal conditioner includes a CPU unit, a PID temperature control unit and a power supply. The data acquisition subsystem, which is connected to the signal conditioner via a USB cable, consisted of a computer and a PLC software (KV STUDIO Ver. 5, Keyence, Japan) which allows one to build ladder logic programs.
Appropriate amounts of current were supplied to the heater and the fan using the power supply with the relays during the heating, cooling and temperature-holding steps. The voltage signal from the temperature sensor was transferred to the computer through the PID controller, CPU unit and USB interface, sequentially. KV STUDIO in the computer was used to measure the temperature values from the transferred voltage values and to control the heater and fan voltages corresponding to a desired sample temperature in the microwell. Figure 2 shows the experimental setup for PCR amplification in a microwell. The film resistive heater was tightly attached to the glass plate with a piece of double-stick tape, and the blower fan was placed above the PDMS/glass chip assembly. The top of the thermocouple was directly dipped into a sample in the microwell to measure an actual temperature of the sample during a thermal cycling.
TaqMan PCR experiment
Per 25 μL, the TaqMan PCR reaction mixture contained 1× TaqMan GTXpress master mix (Applied Biosystems), 0.9 μM forward primer 5′-AGGCCTGCTGAAAATGACTGAATAT-3′, 0.9 μM reverse primer 5′-GCTGTATCGTCAAGGCACTCTT-3′, 0.2 μM 5′VIC-TTGGAGCTGGTGGCGTA-3′NFQ probe and 1 ng of 290-bp dsDNA as the template DNA. A 80-bp segment of the template DNA sequence was amplified. Before the PCR amplification, the 3′ nonfluorescent quencher (NFQ) of the probe, which is in close proximity to the 5′ allele-specific dye label (VIC), efficiently eliminates VIC fluorescence. During the amplification, the exonuclease cleavage of the probe by the proven 5′ nuclease chemistry with Taq DNA polymerase 31, 32 generates the permanent assay signal.
To prevent evaporation of the reaction mixture during thermal cycles with the open top microwell, we introduced 9 μL of mineral oil into the microwell first. Then a 0.4-μL droplet of the PCR mixture was dropped into the oil phase carefully using a micropipette. The sample mixture was initially heated to 95 C for 20 s and cycled for 40 rounds of 95 C for 3 s and 60 C for 20 s according to the recommended temperature protocol for the TaqMan GTXpress master mix.
To compartmentalize the PCR reagents in much smaller volumes of aqueous droplets dispersed in oil phase, we performed the following emulsification: briefly, 0.1% surfactant (Triton X-100) was added into the aforementioned PCR mixture and then 5 μL of the aqueous cocktail was mixed with 195 μL mineral oil by stirring with a stirring bar at 1000 rpm for 5 min. A 9-μL aliquot of the 200 μL mixture was introduced into the microwell.
After completion of the thermal cycles, fluorescence images of the droplets were taken using an Olympus IX-71 inverted microscope equipped with a filter set fitted for VIC dye, an Andor iXonEM + EMCCD camera, a mercury lamp and an objective lens.
Results and Discussion
Basic properties of the temperature control system
In order for researchers to gain better PCR product yield and specificity (ability to amplify only specific regions of a template DNA sequence), the temperature cyclic profile has to meet demanding requirements. Typically, the temperature cycle for PCR consists of three phases (denaturation at 94 C, annealing at 55 -65 C and extension at 72 C), and the annealing and extension phases are often put into a single temperature step (2-step PCR protocol) when primers with annealing temperatures above 60 C are used. The levels of the plateaus at the holding temperatures have to present minimum steady-state error with respect to the programmed temperature reference. On the other hand, in order to accelerate the cycling rate and ensure the reaction specificity, the transition from one temperature to another must be rapid and must present very low overshoots.
To check the basic thermal response speed, accuracy and stability of the present temperature control system, we conducted a thermal cycling with the 2-step PCR protocol (94 C for 1 min and 65 C for 2 min) by inserting the thermocouple between the film heater and the glass plate. The actual temperature profile is shown in Fig. 3 along with the desired one. The heating and cooling rates were 0.65 and 2.14 C/s, respectively. Although relatively fast cooling was achieved due to the forced convection using the fan, the heating speed was not better than some existing microchip-based PCR, 22 which was probably due to the small maximum heating power (DC 12V) of the power supply employed in this work. However, overshoots were negligible both at up and down transitions and within 0.7 and 0.4 C error bands were achieved around the desired settling temperatures of 94 and 65 C, respectively.
With the above-mentioned sensor configuration, as the temperature was controlled by sensing the glass surface temperature of the reaction chamber assembly; the value recorded should be different from the sample temperature itself, so temperature compensation is required prior to the actual thermal cycling to assure the desired sample temperatures by adding or subtracting the temperature difference between the sample and the glass surface. We directly dipped the sensing point of the thermocouple into the sample droplet in the microwell for the actual thermal cycling instead of the temperature compensation; thus the recommended temperature cycling for TaqMan PCR assay was tested (40 cycles of 95 C for 3 s and 60 C for 20 s). When similar PID parameters to those applied to the experiment in Fig. 3 were employed, a significant overshoot (4.5 C) was observed (see Supporting  Information, Fig. S1 ). After refining the tuning parameters, an overshoot as low as 0.4 C was achieved, with the maximum temperature deviation of ±0.2 C at the 60 C step (Fig. 4) . The reduced transition speeds (0.30 C/s for heating and 0.57 C/s for cooling) compared to the previous configuration should be due to the following two points: (1) the location and environment of the sensor (i.e., the sensor is placed across 0.4 mm thick glass plate from the heating element and shielded from the air flow with the bulk oil to some degree) and (2) the newly tuned PID parameters for minimizing the temperature overshoot and perturbation.
Experimental verification
A choice of TaqMan chemistry allows direct detection of amplicons in a microchamber without collecting a severely limited volume of sample for gel electrophoretic separation and detection. This can greatly simplify the instrumentation of PCR microdevices and can reduce the assay time. On the other hand, compartmentalization of aqueous PCR reagents in an oil phase as a small droplet can significantly reduce the sample volume required. 33, 34 In addition, interaction of DNA polymerase with chamber wall, which is often problematic with microfluidic PCR devices due to their high surface area to volume ratio, 10 can be avoided and little or no cross-contamination between different compartmentalized samples can be achieved, unless separate droplets fuse together.
We, therefore, executed TaqMan PCR experiments for the selected gene, K-ras oncogene, with a water-in-oil droplet containing the reaction reagent in order to experimentally verify the applicability of the present temperature cycler toward the miniaturized PCR system. A 0.4-μL aqueous sample including the template DNA was dropped into the oil phase in the microchamber, and droplet images of two characteristic cycles, 0 and 40, were recorded (Figs. 5(A1) and 5(A2)). As expected, fluorescence of the probe clearly increased after the thermal cycling, showing that the temperature of the droplet was managed accordingly by the developed temperature control system. A negative control was run without the DNA templates to confirm the proper target DNA amplification (Figs. 5(B1) and 5(B2)). No significant increase in fluorescence intensity was observed after the completion of 40 cycles.
Next, we prepared emulsion by dispersing the PCR reagents in the oil phase by the aid of the surfactant in order to further minimize droplet volumes and we conducted emulsion-based PCR amplifications, referred to as emulsion PCR (ePCR) that possessed potential for high-throughput processing, 35 with the same temperature control system and the cycling protocol (Fig. 6) . The numerous fluorescent spots in (A2) indicated a successful amplification in the positive control run while no spot was seen in the negative control in (B2). It is reported that droplets produced with bulk emulsion techniques are not uniform in size. 36 A bright-field image tracking analysis by the inverted microscope revealed that droplets having diameters larger than 5 -6 μm fell down to the bottom and got squashed thereon (see Supporting Information, Fig. S2 ). The unshaped spots of tens of μm in (A2) of Fig. 6 represents such squashed droplets, while the minute fluorescent dots show relatively small droplets (<5 μm) suspended in the bulk. The droplet indicated by the arrow in (A2) has an approximate diameter of 10 μm and a droplet volume of ca. 0.5 pL. Although measuring precise sizes for the very small droplets in the image of (A2) is difficult due to the limited magnification of the objective lens, droplets having seemingly less than 5 μm diameters were clearly seen in this particular run, indicating that the PCR amplification could take place even in femtoliter volumes (e.g., ca. 4 fL for 2 μm diameter droplet).
Conclusion
We have constructed a thermal cycler using a PLC-regulated PID controller for miniaturization of PCR in a microwell. The ladder logic program written for the device managements could successfully regulate both heating and cooling transitions of the sample. The performance of the device was experimentally verified by conducting the TaqMan PCR in water-in-oil droplets. The obtained transition rates (0.30 C/s for heating and for 0.57 C/s cooling) were relatively slow. However, the device could show high accuracy and stability with no significant overshoot at the settling temperatures. The present device is very flexible and can run PCR not only with single-well chips but also with multiple-well chips for high-throughput sample processing. Although post-thermal cycle fluorescence detection is carried out in this study, the system presented herein makes the real-time PCR affordable for most research and clinical laboratories by using their existing fluorescence microscopes. We are currently working on improvement in the transition speeds by replacing some hardware units with ones possessing higher maximum powers, refining the microwell configurations and re-optimizing the PID parameters. 
